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By E. R. G. Eckert and T. F. Irvine, Jr.t

SUMMARY

An investigation of the problem of selecting heat-exchanger config-
urations for optimum performaence was made. The fluid on one side of the
exchanger was assumed to have negligible heat-transfer resistance, and
the amount of heat exchanged per unit time and the mass flow and inlet
state of each fluid were prescribed. Any one of the parameters, power
expended, weight, volume, or frontal area, can be optimized with respect
to any one of the three remaining parameters when the heat exchanger is
arranged normal to the approaching primary fluid. When the heat exchanger
is inclined at an angle-to the upstream direction, any one of the param-
eters, power, weight, or volume, can be optimized with respect to any one
of the two remsining parameters. With this arrangement, the projected
frontal area of the inclined heat exchanger will be equal to that of the
heat exchanger requiring the minimum duct cross-sectional ares when
arranged normsal to the primary fluid flow.

This method of optimization is illustrated for several compact heat-
exchanger configurations where a prescribed amount of heat is transferred.
The calculations were made to determine which configuration requires the
least energy to drive the primary fluid for a prescribed weight, volume,
or frontal area. The calculations also include inclining the heat ex-
changer at an angle to the upstream direction. For this arrangement, the
least energy required to drive the fluid for a prescribed weight or volume
was considered for the various configurations.

The results for heat-exchanger configurations for which heat-transfer
data are reported in the litergture ere presented in the form of charts

‘which illustrate the method of analysis and the results that can be drawn.

llnstructor, Mechanical Engineering Department of the University of
Minnesota.
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INTRODUCTION

The task of optimizing a heat-exchanger design occurs continuously
in the development of such equipment. Usually the goal of the optimiza-
tion is to meke the over-all cost for building and operating the heat
exchanger a minimum. It is difficult to obtain generally appliceble
results from such investigations, since the ratio of initial to operating
costs and the production costs of different heat-exchanger geometries are
subject to continuous fluctuations. In some cases, however, especially
for heat exchangers installed in vehicles such as cars, ships, or air-
craft, other factors besides the cost become more important. These pa-
rameters are the power required to drive the coolants through the heat
exchanger and the weight and over-all volume of the heat-exchanger equip-
ment. In addition, quite often the frontal area that the heat exchanger
exposes to the approaching stream of coolant is of special importance.
For such applications, an optimization is required with respect to these
parameters. An investigation with this as a goal can be put on quite a
general basis and can result in generally eppliceble rules.

For general conditions, like finite heat resistances on both sides
of the heat-transferring srea and different mass-flow rates and heat
capacities of the two fluids, the task of optimizing an exchenger is &
complex one which can be performed only in several steps. The goal of
such an investigsation is to distribute the heat-transferring erea properly
to both sides, to determine the optimum flow velocities for both fluids,
and to select surface configurations for both pessages. Numerous inves-
tigations of this type have been published (refs. 1 to 8), especially on
the subject of optimizing regenerators for gas turbines. The complexity
of the problem made it necessary to employ simplifying assumptions. Heat
transfer and friction were assumed to follow relations in the form of
power functions; entrance and end losses were neglected. Heat capacities
and mass-flow rates of both coolants were often assumed equal. Results
of such calculations are very useful and time saving in approximating
optimum conditions; however, they have to be followed by more exact trial-

and-error calculations.

On the other hand, conditions are much simpler for heat exchangers
in which the heat resistance on one side is so small that it can be neg-
lected (refs. 9 and 10). For such a heat exchanger, an optimization can
be carried out on a very general basis and with inclusion of all the
effects that have just been mentioned. Such an investigation is desirable
for newer applications such as occur in nuclear-reactor design. The
present report is concerned with such a study and especially with the task
of comparing different heat-exchanger configurations with respect to pres-
sure drop, frontal area, volume, and weight required. The study is based
on friction and beat-transfer characteristics of heat-exchanger configu-
rations that have been published recently (refs. 11 and 12). The study
also includes the possibility of improving the performence of a heat ex-
changer by arranging it at an angle to the oncoming coolant stream.
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DEVELOPMENT OF HEAT-EXCHANGER EQUATIONS
Definition of the Optimizstion Study

For the present investigation, it 1s assumed that the heat exchanger
is arranged in a duct of constant cross section. Generally, an optimi-
zgtion must consider the conditions for both media between which the heat
is exchanged. 1In this report it is assumed, in accordance with the
INTRODUCTION, that the heat transfer to the medium on one side of the
exchanger is such that any heat resistance on that side can be neglected.
The conductive heat resistance in the primary exchanger wall is also
considered negligible. Under this stipulation, the heat exchanged depends
only on the conditions of the other cooling medium, which is called the
primery coolant. The comparison is made between heat exchangers that
must transfer identical amounts of heat per unit time in the heat ex-
chenger; the mass flow of both fluids through the exchanger and the states
(pressure and temperature) of the fluids at the entry to the exchanger
are prescribed. Any one of the parameters, power expended, weight,
volume, or frontal area, can be optimized with respect to any one of the
three remaining perameters. By inclining the heat exchanger into the
primery flow direction, one of the parameters, power expended, weight,
or volume, can be optimized with respect to any one of the remaining two.
The projected frontal area of the heat exchanger in the inclined position
is equal to that of the exchanger requiring the minimum frontal area when
arranged normal to the flow. Special consideration will be given to the
problem of finding which specific heat-exchanger configuration transfers
the prescribed emount of heat from the primary to the secondary medium
with the least energy required to drive the primary coolant, for pre-
scribed heat-exchanger weight, volume, or frontal area. Before starting
with this study, the parameters that are used to describe a certain hesat-
exchanger configuration are summarized briefly.

Friction and Heat-Transfer Characteristics

The friction and heat-transfer characteristics of different heat-
exchanger configurations are usually published in the form of friction
factor f and Stanton number 8St. For instance, the results of experi-
mental investigations (refs. 11 and 12) on compact heat-exchanger con-
figurations have been published in this form. The present report is
based on the data of references 11 and 12; hence, the definitions and
nomenclaeture for the different parameters follow quite closely those in
the mentioned references.
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Friction factor. - The friction factor is defined by the following

eguation:
A VB
APeriction = T & Pu T (1)

(Symbols are defined in the appendix and in fig. 1.)

Stanton number. - The Stanton number describing the heat transfer
from the primary coolant to the heat-exchanger surface is defined by the
equation

st= 2 ____Dn (2)

CoPm'm  pPeVe

The specific heat cp will be considered constant. The heat-transfer
coefficient h dis defined by

The exchanger surface area A may consist of a finned and an unfinned
(in direct contact with the other coolant) surface. In equation (3),
tw,m indicates the mean wall surface temperature on the primary-coolant
side including the fins. This temperature is lower than the temperature
of the unfinned heat-exchanger wall, since the heat-conduction process
from the unfinned wall surface into the fins reduces the average temper-
ature of the wall. Equation (3) can also be written in such a wey that
it contains the temperature of the unfinmed wall surface 1, which is
equel to the temperature of the second coolant.

Q= ngha(t, - &) (42)

In this expression Mo indicates the surface effectiveness of the total

primary-coolant-side heat-exchanger surface. This effectiveness is con-
posed of the effectiveness of the fin proper ne and the effectiveness
of the unfinned surface (which is assumed to be unity) according to the
equation

D (£2)

In this equation, Ap 1is the primary-coolant-side fin surface and A the
total (unfinned and finned) surface. The fin effectiveness is given by
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TI = (4(:)
z 2h
%

The friction factor and the Stanton number are functions of the
Reynolds number describing the flow through the heat:exchanger.

Reynolds number. - The Reynolds number is defined as

pmvmdh pcvcdh

Re = = (5)
Hp by
The hydreulic diameter d;, in this equation is defined as
4,
a = < (6)

There 1s some arbitrariness in the definitions of A, and C for pas-
sages that change their shspe or cross section in flow direction. In
agreement with references 11 and 12, the minimum flow area A, will be
used end the circumference C is ca.lcula.ted. from the relation A = IC
(for total number of passages). In some heat-exchanger reports the
hydraulic radius ry, = A,/C 1is used instead of the hydraulic dismeter;

therefore, cere must be taken in using pearameters from the literasture to
determine on which of these characteristic lengths the parameters are
based.

In recent investigations at the NACA (ref. 13), it has been estab-
lished that better correlations are obtained, especially for large tem-
perature differences, when the density in equations (1), (2), and (5) is
evaluated at the £film temperature. Here, the value in the core of the
fluid (at bulk temperature) will Dbe used, since this simplifies the cal-
culations considerebly. Only for heat exchangers operating with very
lerge temperature changes are large deviations caused by this
simplification.

Thermal effectiveness. - The thermal effectiveness is defined as the
ratio of the temperature change of that one of the two medis for which
the heat-capacity rate is smaller to the initial temperature difference
between the two media before they enter the heat exchanger. When the
medium with the smgller heat-capacity rate mey, is the primary coolant,
the expression for the thermel effectiveness is

te - By

p = FT o T,
T ti ti

(7a)
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When m'cl') is smaller than mey, the equation is

! -t}
i e
T t] -t
The thermal effectiveness is always considered positive. In equations

(7a) and (7b) the temperatures sre entered in such a way that a positive
N results for heat flow from the secondary to the primery fluid.

The thermal effectiveness 17, depends on the flow arrangement in
the heat exchanger (counterflow, parallel flow, or cross flow) and on
the parameter Tu, the number of transfer units. The relation between
Tu and 7nq can be read from figures 1l to 7 in reference 11 for differ-
ent flow arrangements. Figure 2 shows this relation for some flow
arrangements. It has an especially simple anelytical form for

ch << m'cl');
Tu = 1n —= (8a)

For counterflow with mey, = m' °ﬁi

.
Tu e (8b)

In the nomenclature used herein, Tu has the form TUA/m when
J
me, < m'cI', and UA/m'cI', when mey, > m‘cl'). For negligible heat resist-

ance on the secondary-coolant side and in the primary heat-transfer wall,
=nh
U= ng (9)

The perameter Tu converts to nohA/ch when -me, < m'cy and
qohA/m'cP! when mey, > m'ol'). With the eguation

m = ppVeprhen = peVche (10)

the following relation holds for mey, < m'cb:

NghA A AL ‘
end for mey, > m'cI',
nohA A D% 41, U
o = grer = 165t & mep = 105 @, wreg (1)
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The thermsal effectiveness determines the length-to-diameter ratio of
the passages according to equations (8a) or (8b) and (11la) or (11b) as
soon as the parameter nost is prescribed. TFor the heat exchangers in-
vestigated later in this report, noSt varies between 0.002 and 0.02;
the larger value belongs to configurations having flow separation and low
Reynolds numbers. For n,St= 0.02 and 7p =-0.4, equations (8a) and
(11a) give a value of L/dy = 6.39. This value may well be too smell to
establish developed flow. However, it will be assumed herein that fric-
tion factors and Stanton numbers are Independent of the passasge length in
the direction of flow or, in other words, that the flow is fully developed
over the major portion of the passage length. Accordingly, some caution
must be exercised in epplying the results of this report when the thermal
effectiveness of a heat exchanger and the Reynolds number are simultane-
ously small.

There is a unique relation between the mean temperature difference
Aty = t, - t; in the heat exchanger, the thermsl effectiveness, and the
initial temperature difference, which in this study is & prescribed pa-
rameter. It can be derived from the following equation for me, < m'cp:

Q = UA Aty = menp(t; - by)
or
™o
oty = g5 plt] - 5;) (12)

Use of equations (1la) and (9) transforms equation (12) into

N

At = (8] - %) (13)

This equation holds also for mey, > m'ci,.

Heat-Exchanger Size Parameters

In addition to the friction and heat-trensfer parameters, some pa-
rameters are required which describe the particular configuration of the
exchanger. The ratio of free-flow area A,  for the primary coolant
stream through the heat exchanger to the frontal area Ap, is denoted by

= HAe
v (14)

Another parameter is needed to indicate the amount of heat-transfer
area A avallsble per unit of total heat-exchanger core volume v. The




8 NACA TN 3713

ratio A/v can be calculated for various heat-exchanger configurations
from the information contained in references 11 and 12. In using this
value as a parameter, however, the following fact must be considered:
When a comparison is to be made between different heat-exchanger config-
urations, a parameter should be aveileble that is independent of the scale
of the particular configurations (where the scale, for instance, is char-
acterized by the hydraulic dismeter &, of the passages). In the pa-
rameter A/v, however, the area A increases proportionally to the square
of the characteristic length, whereas the volume v varies proportionally
to the cube of the characteristic length. Therefore, the value Ady/v

is a better parameter describing the available surface ares per unit
volume, since this parameter is independent of the scale in which the
particular configuration is produced.

The ratio of surface area A +to weight W of the heat-exchanger
core is obtainsble from the information in references 11 and 1l2. It is
assumed that all different heat exchangers compared in this report are
made of the same material; therefore, a demnsity of 1 will be arbitrarily
postulated for the solid material of the exchanger. The area weight pa-
rameter is then actually the ratio of surface area to volume of the solid
material. Again, this parameter has the disadvantage of changing its
value when the scale of the particular heat-exchanger configuration is
varied. When the hest-exchanger configuration is enlarged to one geo-
metrically similar, this ratio will vary as the ratio A/v; in other
words, a paremeter Ad.h/W will have & constant value for a specific
configuration regardless of its scale. However, the wall thickness of
the material from which the heat exchanger is manufactured may be pre-
scribed by the menufacturing process rather than by other considerstions.
In this case, the wall thickness must be kept constant when the scale
(hydraulic diameter @&,) of the heat-exchanger core is changed. The
weight then increases proportionally to the thickness s of the material
and to the square of the hydraulic diasmeter, whereas the heat-transfer
area increases proportionally to the square of the hydraulic diameter.
Correspondingly, a parameter As/W, with s constant, depends only on
the geometry and not on the scale.

Basic Heat-Exchanger Equations

Heat transferred per unit volume. - The heat flow transferred in
the heat exchanger can be written .

Q = UA Aty (15)

Introducing the over-all heat-transfer coefficient U from equations
(2) and (9) and the mean temperature difference from equation (13) gives

y
Q = cpcVengStA oo (t] - t5) (16)
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Finally, the mass velocity pcvc can be expressed by the Reynolds number

Re, end the following expression is obtained for the heat flow per unit
core volume

NoStRe Ady

2= e uplt] - ty) T (17)

The values on the right side of the equation are grouped together into
different parameters. The first group consists of the values that are
characteristic for a specific task of the heat exchanger (specific heat,
viscosity, and initial temperature difference). The second group com-
prises the paremeters describing heat-transfer and flow characteristics,
scale, and configuration of the exchanger. The third group indicates the
influence of the thermal effectiveness. The expression Q/v is one of
the relations needed for the intended optimization, since it expresses
the heat exchanged per unit volume in the parameters that are available
for the various exchanger configurations.

Heat transferred per unit weight. - In the same way, the heat ex-
change per unit weight of heat-exchanger core may be written

Q noStRe Ady, np
7= (b - %) —5— v m (18)

Agein the right side of the equation is composed of parameters pertinent
to the specific task of the heat exchanger, to the heat-exchanger config-
uration, end to the thermal effectiveness.

Power required for normal flow. - The drop in total pressure in the
air flow through the heat exchanger consists of three parts: the pres-
sure drop due to friction, the pressure drop due to contraction or de-~
celeration gt the entrance and exit of the passages, and a pressure drop
due to acceleration of the flow in this passage caused by the temperature
increase in the primaery coolant. The pressure drop due to friction in
the passages 1s characterized by the friction factor and is defined in
equation (1). The pressure drop at entrance and exit can be written as

2 2 2 .
Ve Ve Pe (vc)
PPeng = KePe 7 + KePe 7 = Q(c To Ke) Pe\2 (19)
e

The pressure-drop coefficient K., for a sudden increase in cross section,
is usually calculated by use of the equation K, = (o - l) from the
momentum law. The coefficient K, depends on the inlet geometry and has
to be taken from reference 14 or from various handbooks. The pressure
drop dvue to acceleration is given by
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pc : (— - 1) (20)

From the total-pressure drop AP = APpyjiction + LPeng + APgccs the

power required to drive the air through the heat exchanger can be cal-
culeted as

N = AV, AP (21)

By introduction of equations (1), (19), and (20) for the pressure drop,
dividing equation (21) by the core volume v and replacing Ac/A from
equation (1la) gives the following expression for me,< m'e)

3
N H 3Adh 38 1
= 24f.Re - Kc+—Ke+——l noStRe ~ T
2091 2pcp
(22)

This equation expresses the power required per unit heat-exchanger volume
as a function of the prescribed parameters. The first term on the right
side contains only the surface A of the heat exchanger, whereas the
second term depends also on the ratio of surface area to cross-sectional
ares, which in this equation is contained in Tu. The corresponding
equation for the power required per unit weight for mey, < m'c}! is

3 Adh P P Ady
e L L R o] Mg

2p m Zp pmdh
(23)

In many cases it is of special interest to know the amount of power ex-
pended per amount of heat exchanged. This can easily be obtained by
dividing equation (22) by equation (17) or equation (23) by equation
(18) . The corresponding expression for me, < m'ey is

2 2
i fRe2 Tu i Rez[ (__ i l)
2p e (61 - ;) aln st RN G ot Ny

(24)

DIZ

OPTIMIZATION FOR NORMAL FLOW

Among the four parameters, power expended, weight, volume, and
frontal area, any one can be optimized with respect to any one of the
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remaining. For instance, it can be determined which of various heat-
exchanger cores, all transferring a prescribed amount of heat Q and
having the same weight W, requires the smallest power N. The task
might also be to determine which core of a heat exchanger designed for a
certein heat flow Q and having a prescribed volume v has the smallest
frontal area Ap,.. Such an optimization can be easily made with the help
of figures of the type that will be presented for a number of heat-
exchanger configurations that are optimized for minimum power expended
with respect to frontal area, volume, or welght. The configurations are
indicated in figure 3. A representative configuration was chosen from
each of the different families of exchangers discussed in references 11
and 12.

In the comparisons made in this section, the end and acceleration
losses have been omitted from equations (22) to (24); as a result of
these deletions, the following equations are obtained (for me, < m'cl')):

up Ad
- ng = fRe> 2 (25)
m
N “3'.-7" z Adp
2Oy
and
N ke fRe? Ty .
e ¢ (27)

2 - 2 M
zpmpp(ti - t;) &0 8t T

End losses can be neglected for heat exchangers that have a certain min-
Jmum depth so that the friction losses are large compared to the end
losses. Figure 4 illustrates the magnitude of the entrance and exit
losses In relation to the friction losses. All the curves are not shown,
since the ranges of frictlion and Stanton parameters were not known in the
required Reynolds number range. The upper and lower curves for each con-
figuration were obtained by using the corresponding maximum or minimum
values of the friction factor and the Stanton number from the data pre-
sented in references 11 and 12. The figure shows that, at a thermal
effectiveness of about 0.7, the end losses for configuration 1 range from
20 to 30 percent of the friction losses. At an effectiveness of 0.3, the
end losses range from 60 to 100 percent of the friction losses. The
acceleration losses are small as long as the temperature increase in the
heat exchanger remains small compared to the sbsolute temperature of the
approaching air flow.
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Optimization of Parsmeter N/Q with Respect to Frontal Area

For a fixed mess flow m +through the exchanger and a prescribed
density, the frontal area is inversely proportional to the frontal
veloclity Vore Accordingly, e frontal velocity may be used as & basis
for comparison instead of the frontal area. Expressed in terms of the
Reynolds number, the frontal velocity is

Vep = 'r oRe (28)

Pedn

For prescribed inlet conditions and thermal effectiveness, N/Q in equa-
tion (27) is proportional to fRez/d%noSt. Instead of plotting this pa-

remeter against oRe/d;, which is proportional to Vg, the value
£/o%n,St, which is the ratio of fRe?/aln st to (oRe/d,)?, can be used.

In figure 5 the ;gara.me‘ter f/o’z'qost is plotted against the parameter
oRe/d;, for configurations 1 to 7 (fig. 3). The values of £, St, o,
and dy were determined from references 11 and 12. Values of 7, were
calculated with equation (4b). The value of k in the fin-effectiveness
expression (nf, eq. (4c)) of 100 Btu per hour per foot per °F was used.

This is indicative of a high-conductivity metal.

For each of the configurstions, except 7 (finned tube), the width
of the passage for the primsry fluid was assumed equal to the width of
the passage for the secondary fluid, and the parameter o was calculated
accordingly. This mey somewhat favor configuretion 7 in its weight,
volume, and frontel aree in the following comparison, since configuration
7 has a smaller passage ares for the secondary fluid. For a comperison
of the performance of various heat exchangers with prescribed dimensions,
the hydraulic diameter has different values and the parameters as devel-
oped before must be used. If the heat-exchanger configurations are com-
pared for the same hydraulic diameter, the value d; can be dropped from
the various parameters.

A comparison of this nature, where d; is included in one case and
eliminated in the other, emphasizes the effect -of the scale in which the
particular configuration ls produced and is presented in figures 5 and 6,
respectively.

Stanton numbers for air were used; therefore, flgures 5 end 6 hold
for air as primary coolent. They can, however, be used for any coolant
as long as only ratios of the ordinate values are used for a comparison
of various configurations. The gbsolute values of the ordinate ere
valid for a fluid with a Prandtl number Pr when the Stanton number 8t
in the parameter on the ordinate is replaced by St(Pr/0.671)2/3. The
other figures in the report can be generalized in the same way when the
change in the Stanton number is made wherever it appears.
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Figures 5 and 6 show that the power N required varies considerably
for the different heat-exchanger configurations, especially at the higher
flow velocity. When a certain frontal area (or frontal velocity) and
heat flow Q are prescribed, a substantial saving can be obtained when,
for instance, heat exchanger 3 is replaced by heat exchanger 7. Figure
6 indicates that, at a value of oRe = 3000, the power N required for
heat exchanger 3 is 13.6 times as large as that for heat exchanger 7.

An inspection of the different curves shows that the power required gen-
erally decreases as the flow through the passage becomes smoother. In
this type of optimization, flow separation and even turbulence should be
avoided es much as possible. The relative exchanger volume or weight
required for the different configurations can be determined from figures
7 to 10. :

Optimization of Parameter N/Q with Respect to Heat
Transferred per Unit Volume

The power required per unit hest flow for various heat-exchanger
configurations with respect to heat transferred per unit core volume is
presented in gigures 7 end 8. _The characteristic ordinate parameters for
N/Q are fRe /qostclkzL or fRez/'qoSt from equation (27). The corre-

sponding sbscissa parameters for Q/v are (noStRe/d%) Ad [v or

(ngStRe) Ad, /v from equation (17). Figure 7 compares the heat-exchanger

configurations using the dimensions shown in figure 3, whereas figure 8
compares different heat-exchanger configurations assuming that all have
the same hydraulic diameter. Comparison of figures 7 and 8 shows that
the scale hydraulic diameter is a parameter to be considered in the
optimization. For instance, the relative positions of exchangers 1 and
3 are reversed. The order of the configurations in figures 7 and 8 is
significantly different from that in figures 5 and 6. Heat exchangers
that are poor in the comparison of N/Q with Ve, (or Ag,) are good
in the present comparison, and vice versa. This is especially apparent in
figure 8, where the hydraulic diameters of all passeges ave equal. This
means that the selection of the most advantageous configuration will
depend upon which of the parameters is especially importent in a specifie
application. This behavior has already hecome spparent in a study on
bare-tube heat exchangers reported in reference 10. The relative frontal
area for heat exchangers with the same volume can be determined from the
information given in figures 5 and 7 or figures 6 and 8. As would be
expected from the discussion in the previous paragraph, that heat ex-
changer in a group, all having the same core volume, which has an .espe-
cially low power consumption per unit of heat transferred usually has a
low frontal velocity and correspondingly a large frontal area.
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Optimization of Parameter N/Q with Respect to Heat .
Transferred per Unit Welght .

FPigures 9 and 10 are the bases for a comparison of power expended
for a heat exchanger with a certain weight. A study of the figures indi-
cates that this comparison generally reveals the same trends as figures
7 and 8; this means thet a heat-exchanger configuration that is good with
respect to volume is usually also good with respect to weight. However,
there are some exceptions in which a heat exchanger that is better from
a weight standpoint will have a poorer performance from a volume stand-
point. The corresponding frontal velocities can be obtained from the
information presented in figures 5 and 9 or figures 6 and 10.

3983

In eddition to the exchangers studied in figures 5 to 10, similar
celculations have been performed for the remainder of the configurations
reported in references 11 and 12. Because of sgpace limitations, it was
necessary to restrict the study herein to a few representative exchangers.
Similar curves are available from the Heat Transfer Laboratory, University
of Minnesote for the remainder of the configurations.

MODIFTCATION OF EQUATIONS FOR INCLINED HEAT EXCHANGER

In the preceding optimization it became evident that & gain in one
of the parameters is usually accompanied by a loss in another; for in-
stance, in the comparison of heat exchangers with the same frontal area,
the ones that had an especially low power requirement had a large welght,
and vice versa; or in the comparison on the basis of the same welght, the
heat exchanger with a low power consumption generally had & large frontal
area. In some cases it may be possible to circumvent this difficulty by
inclining the hegt-exchanger face &t an angle to the direction of the
oncoming air flow (fig. 11). The air flow is directed into the heat ex-
changer by a group of turning vanes. Another group of vanes redirects
the air as it leaves the heat exchanger. In this arrangement, even when
the cross section of the oncoming air stream is fixed, the frontal area
of the heat exchanger can be varied by chenging the angle through which
the heat exchanger is turned from its normal position. This angle is
identified as o (fig. 12). The advantage of such an arrangement, how-
ever, is restricted to heat exchangers with a length that is small rela-
tive to the width of the projected area of the heat-exchenger face; other-
wise, the total width of the arrangement becomes considerably larger than
the width of the approaching air stream (see fig. 11). In this report,
the configurations are compared for equal projected face area; no attempt
is made to evaluate the total width of the arrangement.

Turning the flow twice in its direction causes pressure losses, and .
the question arises as to how much these losses increase the power ex-
penditure and through what angles various heat-exchanger configurations
must be turned to create optimum conditions.
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Terms that describe the losses connected .with the turning of the
flow have to be added to the relations for the energy expended to direct
the flow through the heat exchanger (eqs. (22) and (24)). Very little
information is contained in the literature on losses in turning vanes
that turn the flow through a considergble angle and at the same time
decelerate it. For this reason, the turning losses will be introduced
into the following optimization for a specific vane configuration for
which the losses can be obtained by calculations when the flow is assumed
to be incompressible. This configuration consists of a row of straight
blades arranged parallel to the direction of the flow passages through
the heat exchanger (fig. 12). If the conservation of momentum is con-
sidered for a control area, as indicated by the dashed block in the fig-
ure, the following result is obtained: The flow enters the control area
through the plane 1-1' in the direction of the duct with a velocity V.
The momentum flow in the direction of the heat-exchanger passages through
plane 1-1!' is given accordingly by the followlng expression:

mVO cos o

The flow leaves the control area through plane 2-2' with a velocity
parallel to the heat-exchanger passages of magnitude Vp,.. The corre-
sponding momentum flow is

mer

From the consideration of continuity, it follows that the two velocities
Vo end Vg, are connected by the following relation:

vfr = Vo cos a

This shows that the momentum flows in the heat-exchanger passage through
plenes 1-1' and 2-2' are equal. If the number of vanes in the duet is
sufficient, it has to be expected that the flow conditions through plane
1-2 are exactly the same as through plane 1'-2' so that no net momentum
transport into the control area through these planes occurs. Correspond-
ingly, no change of momentum of the flow in passing through the control
area occurs; and, as a consequence, the static pressures in the area 1-1'
and the area 2-2' have to be equal. In other words, the decrease in
velocity occurs without an increase in static pressure. After passing
the heat exchanger, the flow has to be turned back in the direction of
the duct, and at the same time it is accelerated to the velocity in the
smaller duct area. This turning of the flow with the accompanying accel-
ergtion can be accomplished with very good efficiency by turning vanes

so that in the present calculation it will be assumed that this turning
is effected without losses. Correspondingly, Bernoulli's equation de-
scribes the pressure drop from the exit plane 3-3' to the plane 4-4' in
the duct downstream of the heat-exchanger passage;
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g, ¥
2

3
Pz + P 5 =Py +Pg

From the continuity it follows that

5
V4 =Cos a
Therefore,
2 2.2
Cp =feB( 1\ Peles tan’ (29)
Pz~ =7\ "z ") "%
Ccos e

Because of the turning aspects alone, there is a drop in static pressure
from Py to p, that is equal to Pz - Dy The difference in total
pressure caused by the inlet vanes is found from Pz - Py by adding the
kinetic energy in plane 1-1', where the velocity is Vg,., and subtracting
the kinetic energy in plane 4-4'. The total-pressure drop connected with
the turning of the flow can be expressed by an equation of the form

Ve

AP = K_tpc 5 (30)

analogous to the pressure drops for friction and acceleration. Thisg
results In the following values of the loss paerameter:

p P
K, = — o® tana = "g —S_) (31)
pe cos o pe

The losses calculated in this way should lead to an estimate that is high
for the turning losses. By a good design of the decelerating vanes ahead
of the heat exchanger, it should be possible to reduce these losses con-
siderably. Addition of the term K; into the square bracket on the
right side of equations (22) to (24) makes them applicable to heat ex-
changers arranged at an angle o +to the oncoming stream and equipped
with turning vanes. With this addition, equation (24) becomes

2 2 2
g3 fRe Tu K x

2 2 1, 2 c (G - ©
2opep(t] - ty) dmeSt Np  2PPpColTi - Fy)

2
SRtz ) oy
. e

L
3=

e e T
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Equations (17) and (18) for Q/v and Q/W Temain as previously pre-
sented. For the numerical evelugtions in the next section, it is assumed
that the heat capacity of the second fluid may be very large (m'cl‘) >> mcp)
so that Tu as given by equation (8a) is now inserted into equations (17)
and (18). It may also be specified that the temperature increase in the
primery f£fluld in the heat exchanger is moderate, so that the acceleration-

P
loss term 53 - 1 in equation (32) can be omitted.
e

OPTIMIZATION OF INCLINED HEAT EXCHANGERS

The optimization of heat exchengers is studied in the following way:
It is assumed that different heat exchangers are to be compared which all
have to transfer a certain amount of heat Q with prescribed initial
temperature difference, prescribed state of the oncoming air flow, and
prescribed thermal effectiveness. Also, the weight or the core volume of
the heat exchanger will be assumed as fixed in the comparison. Addition-
ally, the heat-capacity rate of the second fluid may be very large
(m'ey >> mep) so that Tu is given by equation (8a). Figures 5 and 7 or
figures 6 end 8 make it possible to determine the relative frontal areas
of the heat-exchanger configurations that are considered for the optimi-
zation. The configuration that requires the smallest frontal area corre-
sponding to the largest value of the parameter oRe or oRefd, is
degignated as the standard exchanger. It is assumed that this heat-
exchanger core is arranged normal to the oncoming air stream (a = 0).
All other heat exchangers then require a larger frontsl ares and have to
be arranged at a certain angle to the duct when the duct aresa is required
to be the same as for the standard exchanger. The angle at which the heat
exchanger has to be arranged can be obtained from the condition that for
a constant duct area and a constant cooling air mass flow, the two duct
velocities Vg o and Vo,p must be equal. Here, the subscript a
refers to the standard exchanger and the subscript b +to some other ex-
changer. The following equation results for the angle at which heat-

exchanger b has to be arranged:
g Vv
b ¢,b
cos ap, = —= =222 (33)
9 Ve,a

Replacing the core velocities by the corresponding Reynolds numbers re-
sults in the following final equation:

o R
5 h,a
%% %~ Goee Tp s

The properties p and p are equal in both cases and, hence, disappeer
from this relation.
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For & prescribed value Q,/v or Q,/W, the abscissa parameter in
figures 7 to 10 cen be determined from the appropriate equation (17) or
(18). From the corresponding ordinste parameter and Tigures 5 and 6, the
Reynolds number cen be obtained. Equation (34) fixes the angle o
through which each configuration must be turned to maintain the constant
projected face area. When this angle is known, the power required per
unit of heat transferred can be calculated from equation (32) with accel-
eration loss omitted. The values N/Q may now be compered for the dif-
ferent configurations, and that heat-exchanger configuration which re-
quires the least power has to be considered as the optimum configuration.
Such a comparison has been made and is presented in figures 13 to 16.
Values for K, were taken from reference 14 (fig. 52) and various hand-
books. The dashed line in each figure represents the standard exchanger
(exchanger 2, fig. 3) arranged normal to the main flow (¢ = 0). All
other exchangers must be placed at an angle to the duct to obtain the
same duct cross-sectional area. Angles are indicated for several values
of the abscissa. At each &bscissa location, the angles reading from top
to bottom refer to the curves reading from top to bottom (e.g., in fig.
13(a), at a value of the abscissa of 10, heat exchanger 1 must be in-
clined at an angle of 53.2°).

In some cases it may be noted that one or more of the exchangers is
missing from the comparison. This situation occurs when the friction and
Stanton parameters are not known in the required Reynolds number range.
Three plots, which correspond to three values of the thermal effectiveness
of the heat exchanger (0.3, 0.5, and 0.7), are presented in each figure.

Figure 13 shows the value that is proportional to N/Q, for heat
exchangers plotted against e parameter proportional to Q/v with the
assumption that the different heat-exchanger configurations are compared
for the hydraulic diemeters for which each configuration has been inves-
tigated (ref. 11 or fig. 3). Figure 14 presents the same comparison when
the verlous configurations have the same hydraunlic diameter. Figures 15
and 16 show the results of an analogous comparison based on equal weight
for the various heat exchangers.

From figures 13 and 14 it can be observed that, for fixed values of
the abscissa, increases in the thermsl-effectivenss parameter 1, result
in increased values of required power. For instance, figures 15%18.) , (),
and (c) show that for an abscissa value of 8x10° (proportional to Q/v)
the values proportional to N/Q corresponding to 7y = 0.3, 0.5, and
0.7 for the standard heat exchenger are sbout 1500, 2000, and 400031010,
respectively. Moreover, for thoge heat-exchanger configurations in fig-
ures 13 and 14 that show crossover, the points of crossover occur at
smgller values of the abscissae as the thermal effectiveness parameter
np increases. Similar results are also noticeable in figures 15 and 16.

3983
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Figures 13 to 16 show that the hydraulic diameter should be con-
sidered in the optimization of inclined heat exchangers as well as in
normsal) heat exchangers. It can also be recognized from the figures that
considersble savings in the power expended can be obtained by a proper
choice of the exchanger configuration and by inclined orientation in the
duct for the primary fluid, especially when the heat-exchanger weight is
of primary importance. In figure 15(a), for instance, the best configu-
ration consumes & power that is approximately one-fifth to one-eighth the
power required for the configurastion with largest ordinate (proportional
to N/Q,) . In this connection it should be remembered that turning losses
were estimated on a conservative basis. Even larger savings in power will
be experienced when the turning losses can be reduced by proper turning
vanes.

SUMMARY OF RESULTS

The selection of an optimum configuration for a heat exchanger with
one dominating film resistance was discussed. The amount of heat trans-
ferred per unit time and the mass flow and inlet state of each fluid were
prescribed. Power required to drive the primary fluid was optimized with
respect to weight, volume, or frontal area for a group of heat exchangers
presented in references 11 and 12 as lllustrative examples. Results ob-
tained from these optimizations are summarized as follows:

1. No heat-exchenger configuration was found which can be considered
the best under all conditions. It is probable that such an optimum con-
figuration does not exist.

2. For a given volume, the heat exchanger that required the least
power to drive the primary £luid had the smallest frontal velocity (or
the largest frontal area).

3. A heat exchanger that is good with respect to volume is usually
also good with respect to weight.

4. In the comparison of heat exchangers with the same frontal area,
geometries that produce smooth flow without separation require the least
power.

5. In the comparison of heat exchangers with equal volume or welght,
geometries requiring the least power are those which encounter a fair
emount of flow disturbance and separation.

6. For given weight or volume, the-power required to drive the pri-
mary fluid through an exchanger inclined at an angle to the gpproaching
fluid is less than that required for a minimum duct-ares exchanger
arrenged normal to the flow when the projected frontal area of the
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inclined exchenger equals the minimum duct ares of the normal exchanger.
This advantage is sufficlently large that it will still persist when the
projected frontal area is only moderstely larger than the duct area.

7. The effect of change in scale of the various configurations was
determined by optimizing for assumed equal hydraulic diemeters. The
results showed that a change in scele altered the order of preference of
the exchanger when minimum power 1s required for a prescribed weight,
volume, or frontal area.

Lewis Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, February 29, 1956

£86e



3983

NACA TN 3713

APPENDIX - SYMBOLS
The following symbols are used in this report:
heat-transferring area

free-flow area

o!> >

fin area

frontal area

circumference of passage in heat exchanger

specific heat at constant pressure of primery fluid
specific heat at constant pressure of secandary fluid
hydraulic dismeter

friction factor

heat-transfer coefficient

pressure-drop

thermal conductivity

duct length

one-half fin length

ENHWHWHHQJUQ.'&QEF'_?

mass flow of primary fluid
m' mass flow of secondary fluid
N power required

P total pressure

Pr Prandtl number, cpm/k

ho] static pressure

Q heat flow transferred in exchanger

Ty hydraulic radius, A/C

21
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Re * Reynolds number, pVﬂh/u
st Stenton number, hfcypV
8 thickness of exchanger walls
Tu number of transfer units
t primery fluld temperature
wall tempersature

! secondary fluld temperature
U over-all heat-transfer coefficient
v velocity
v heat-exchanger core volume
W heat-exchanger weight
o angle of heat exchanger towards flow direction
Mo surface effectiveness

tanhA[e2
e fin effectiveness, 4/55 ]

kT

Nq thermal effectiveness
1] viscosity
p density of air
o contraction of heat-exchanger pessages, Ac/Apy
T fin thickness
Subscripts:
a standard heat exchangers (o = O)

acc

acceleration

2862
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fr

heat exchanger other than standerd exchanger (a # O)
see fig. 1

exit

end

et £ilm temperature

fin

frontal

friction friction

i
m
t

2,2
3,3
4,4

1.

2.

3.

4.

5.

inlet
mean,
turning

7 -

,: see fig. 12

1
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Figure 1. - Schematic representation of heat exchanger and flow passages.
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units for various flow arrangements (ref. 11).
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Figure 3. - Configurations and dimensions of heat exchangers used in this investigation.
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APl + APe + APfriction

AP friction
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1.0

.
n
.

=2}

.2 -4
Thermal effectiveness, 1

Figure 4. - Ratio of entrance, friction, and exit pressure losses to
friction losees ageinst-thermal effectiveness for heat-exchanger
configurations shown in figure 3. (The two curves for each heat
exchenger bracket the range; some curves are omltted because of
renge limitation.)
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Figure 5. - Performauce parameter of heat exchangers against
frontal area for hydraulic dlameters of configurations
shown in figure 3. Primary fluid, alr; frontal area in-
versely proportionel to frontal velocity.
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Figure 6. - Performance parasmeter of heat exchangers against
frontal area on besis of equal hydraulic diemeters for all
exchangers. Primery fluid, air; frontal area inversely
proportional to frontal velocity. :
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Figure 7. - Performence parameter of heat exchangers agalnst core-
volume parameter for hydrauliec d.iameters of con:t‘igurat:l.ons shown
in figure 3.  Primary fluld, alr.
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Figure 8. - Performance parameter of heat exchangers against
core-volume parameter using equal hydraulic diameters for
all exchangers. Primary fluld, elr.
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Figure 9. - Performance parameter of heat exchengers agalnst heat-
exchanger weight parameter using bhydraulic diameters of configu-
retlons shown in figure 3.
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Figure 10. - Performance parameter of heat exchangers against
heat-exchanger weight parameter using equal hydraulic diem-
eters for ell -exchangers. Primary fluid, alr.
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Assumed configuration for calculation of turning losses.
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Flgure 13. - Performance parameter of inclined heat ex-
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Figure 13. - Continued. Performesnce parameter of imelined heat
exchangers agalnst core-volume parameter for hydraulic diam-
eters of configurations shown in figure 5. Primary fluld,
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equal hydraulic diameters for all exchangers. Primary
fluid, air; mcp<< m'c}?.

CRAS



aY8s -

CF-6 back

NACA TN 3713 43

[—
6000x1.01°
4000
3 1
~ 2000
2
b 18.1
+ §9.1
1000 720
N*‘ 800 60.4 —1
a 81.0
~ 800 =
1 ,// 2
o]
=~ 400 / 0
N 33.6 76.2
g . , 7 __62.8 _60.5
= 60.7 7 68.8
' 65.4 / f 77.3
~ |8 12.9 4 58.0
<o 200 / 7 .
] 61.0 7 |
% 57.3 / ’
= s /1) =
N . .
e =5
S,N'dq 8059 3 7 - 4 2 56:5
°, 6 /1 /A / A80.5¢ 79.2
=l /! /Z/ gg—g
7 .
. /] // 75.2 g2.8
/ 4}/ 73.6
6 66.8
3
52.3 l
20 40 60 80 . 100 120 140X10°

§.___0r L (&
VTR -y |\ 2 TSt Fe w) %
dy
(a) Thermal effectiveness, 0.3.
Figure 15. - Performance parameter of inclined heat exchangers

against core-weight paresmeter for hydraulic diameters of con-
Tigurations shown in figure 3. Primary fluld, air; mcp<<m'c1',.
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Figure 15. - Continued. Performance paremeter of inclined
heat exchangers against core-weight parameter for hydraul-
ic diameters of con:t’igurations shown in figure 3. Primary

- ) - ' fluid, air; mcp<<m cp.
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Figure 15. - Concluded. Performance parameter of inclined
heat exchengers against core-welght parameter for hydraul-
ic dlameters of coofigurations shown in figure 3. Primary
fluid, air; m°p<<m'c1',.
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(2) Thermal effectiveness, 0.3.

Figure 16. - Performsnce parameter of inclined heat exchangers against
core-weight parameter using equal hydraulic diameters for all ex-
changers. Primary fluid, air; mcp«m'cl;. .
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(b) Thermal effectiveness, 0.5.

Figure 16. - Continued. Performance parameter of inclined heat
exchangers against core-weight parameter using equal hydraulic
dlameters for all exchangers. Primary fluld, air; ch<<m'cI;'
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(c) Thermal effectiveness, 0.7.
Figure 16. - Concluded. Performance parameter of inclined heat

exchangers sgainst core-weight parameter using equal hydraulic
diameters for ell exchangers. Primary fluld, air; mcp<<m'c1',.
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